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Thermoelectric materials, which convert heat energy directly into electricity, 
play an important role in providing globally sustainable energy. In recent years, 
much effort has been exerted in improving thermoelectric efficiency using 
various modern synthesis methods. The high-pressure synthesis method has 
various advantages such as the possibility of synthesizing new materials with 
impossible structures and compositions at ambient pressure. In this review, we 
will focus on exploring new compounds using a high-pressure apparatus. The 
high-pressure synthesis and thermoelectric measurement technique will be 
discussed. In addition, in-situ X-ray diffraction experiments under high 
temperature and high pressure to determine the conditions for high-pressure 
synthesis will be discussed. Finally, the thermoelectric properties of several 
compounds (skutterudites and magnesium silicide) prepared under high pressure 
will be reviewed. 
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1. Introduction 
Thermoelectric (TE) materials that can directly convert heat to electrical energy are 
expected for the application of an environmentally-friendly power generation system with 
the advantages of no pollutants, small size, and availability in a wide temperature range.1) 
The potential of a material for TE applications is determined by the dimensionless figure of 
merit ZT given by a combination of the electrical conductivity σ, the thermal conductivity 
κ, the Seebeck coefficient S, and the absolute temperature T, namely, ZT= TσS2/κ. The 
thermal conductivity κ has both electronic and lattice contributions (κE and κL) and is 
given by κE + κL.2) For a broad range of commercial applications, ZT should be greater than 
unity. Finding materials with higher ZT values is essential for power generation application.	 
In recent years, much effort has been exerted in improving TE efficiency using various 
modern synthesis methods such as nanostructural engineering and high-pressure synthesis. 
The high-pressure synthesis method has various advantages as follows: it is possible to 
achieve a reaction between elements with large differences in vapor pressure in closed 
space without changing composition. Using the difference in ion compressibility, the 
synthesis of compounds with a crystal structure or composition, which is not achieved at 
ambient pressure, is possible. We review recent advances in exploring new compounds 
using a high-pressure apparatus.	 
 
2. High-pressure synthesis technique and measurement of 
physical properties  
In the following sections an overview will be given on high-pressure synthesis techniques 
including piston cylinder equipment and a multi-anvil apparatus. The multi-anvil apparatus 
is classified depending on the anvil system in two types: Kawai-type apparatus (multi-anvil 
6-8 system) and cubic anvil apparatus. In addition, in-situ synchrotron X-ray diffraction 
experiments using a cubic anvil apparatus (multi-anvil 6-6 system) will also be discussed. 
Furthermore, thermoelectric measurement will be introduced. 
 
2.1 Piston cylinder equipment 
The piston cylinder equipment is a conventional high-pressure apparatus, especially used 
for low-pressure experiments up to several GPa. Pressure is determined using P=ηF/A, 
where F is the applied force, A is the effective area of the cylinder, and η is the correction 
coefficient of friction between the piston and the cylinder. The piston and cylinder are 
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made of tungsten carbide, and the cylinder is supported by a clamping ring to minimize 
elastic deformation. Figure 1 shows the cell assembly for the high-pressure apparatus with 
a 3/4” diameter piston. The sample container consists of a graphite heater, a Pyrex sleeve, 
and a talc sleeve. Starting materials are put in a crucible made of boron nitride (BN). The 
crucible is inserted into the graphite sleeve and fixed by the upper and lower MgO plugs. 
 
2.2 Cubic-anvil type high-pressure apparatus 
The cubic-anvil apparatus is classified depending on the anvil system into two types: 
wedge-type and DIA-type. For the wedge-type apparatus, the upper and lower stages 
consist of three anvils that slide on the wedge formed in shallow V-shaped grooves.3) The 
anvil movement is completely synchronized by means of the wedge system. For the 
DIA-type apparatus (Fig. 2),4) the upper and lower stages have one anvil each, and so do 
the four sliding (side) blocks. The side blocks slide on the upper and lower guide blocks. 
For both types of apparatus, the anvils with a top-squared face are made of tungsten 
carbide. The sample cell assembly of the wedge-type apparatus is almost the same as that 
of the DIA-type one.3) Figure 3 shows an example of the cell assembly.4) The sample 
container made of pyrophyllite is formed into a cube. The starting materials are put in a 
crucible made of BN. The crucible with a graphite heater is inserted into the pyrophyllite 
cube. 
 
2.3 Kawai-type high-pressure apparatus 
In the Kawai-type multi-anvil apparatus (6-8 system, Fig. 4),4) sample pressure is 
generated by successive compression: (1) A hydraulic ram drives six first-stage anvils. (2) 
The six first-stage anvils compress eight second-stage anvils. (3) The second-stage anvils 
compress an octahedral cell assembly. Tungsten-carbide cubes with a truncated edge are 
used as the second-stage anvils. The sample cell assembly is similar to that used for the 
cubic anvil apparatus (Fig. 5).4, 5) The sample container, made of magnesia (MgO + 5% 
Cr2O3), was transformed into an octahedron. The starting materials were put in a crucible 
made of BN. The crucible, with a graphite heater surrounded with a zirconia (ZrO2) 
thermal insulator, was inserted into the magnesia octahedron. 
 
2.4 In-situ X-ray diffraction experiment 
Before the high-pressure synthesis, it is effective to investigate the synthesis processes of 
target compounds at high pressures and high temperatures by in-situ X-ray diffraction 
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measurements using synchrotron radiation. By a series of the measurements, we can obtain 
the optimum conditions for synthesizing the target compounds under high pressure. In-situ 
X-ray diffraction patterns are generally taken by an energy-dispersive method using 
synchrotron radiation and a solid-state detector. As one example, the system at Photon 
Factory (PF) in the High Energy Accelerator Research Organization (KEK; Tsukuba, 
Japan) is described.6,	 7) High pressure is applied using multi-anvil assembly 6-6 (MA6-6) 
with a cubic-anvil high-pressure apparatus, the MAX80 system, installed at the beamline 
AR-NE5C, at PF in KEK. MA6-6 consists of six small second-stage anvils with an anvil 
guide and can be compressed by a cubic-anvil apparatus.8) The anvil guide is made of tool 
steel (SUS304). The anvil guide has holes along one of the diagonal direction for access to 
the incident and exiting X-rays. Figure 6 shows an example of the cell assembly.4) The 
sample container made of boron-epoxy or pyrophyllite is formed into a cube. The starting 
materials are put in a BN crucible. The crucible with a graphite heater is inserted in a cubic 
solid pressure medium. Pressure is determined by the lattice constant of the NaCl internal 
pressure marker. 
 
2.5 Thermoelectric measurement 
The thermoelectric measurement using the ZEM-3 equipment, a Seebeck coefficient and 
electric resistance measuring system made by ULVAC-RIKO, requires a larger length of 
more than 6 mm long. However, the typical size of the composite synthesized by the piston 
cylinder equipment shown in Fig. 1 was less than 5.0 mm in diameter. Therefore, it was 
necessary to develop the equipment of the thermoelectric measurement for the small 
composite.9) Figure 7 shows a photograph of the measurement plates made of pyrophyllite. 
Four leads are wired on sample plate (a), and a sample is put on the leads indicated by the 
open circle. The interval between leads is 1 mm; therefore, it is possible to measure a 
sample larger than 3 mm. The cover plate consists of plates (b) and (c), and a thermocouple 
for measuring the temperature of the sample position and a differential thermocouple for 
the determining temperature gradient on the sample are wired along three grooves on plate 
(b). The sample is sandwiched between the cover plate and the sample plate and fixed by 
ceramic screws. 
 
3. Progress to explore thermoelectric materials 
In the following sections, research studies of the thermoelectric properties of skutterudites 
and magnesium silicide using the high-pressure synthesis method will be introduced. 
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3.1 Skutterudite 
Filled skutterudite compounds crystallize with a body-centered cubic structure of the space 
group Im
€ 
3 (T 5h, No. 204).10) Their general formula is RT4X12, where T = Fe, Ru, and Os 
(site 8c), X = P, As, and Sb (site 24g), and R = alkaline earth, lanthanide, and actinide (site 
2a). The R ions are located inside oversized cages, formed by twelve X ions, and 
undersized ions are believed to show random motion (rattling) around the equilibrium 
positions.11) Thus, the rattling induces a marked phonon scattering, reducing the lattice 
thermal conductivity κL. Owing to the reduced thermal conductivity, filled skutterudite 
compounds show excellent TE performance.12) The skutterudite family includes binary, 
unfilled compounds with the same space group, which have the general formula MX3 or 
☐M4X12.13) Here, M = Co, Rh, and Ir (site 8c), X = P, As, and Sb (site 24g), and the symbol 
☐ represents a vacancy (site 2a) inside the relatively large cages, formed by the M and X 
ions. This structure has eight formula units, including two voids, per cubic unit cell. The 
binary compound CoSb3 (or Co4Sb12) shows excellent TE properties (large Seebeck 
coefficient and high hole mobility).14) Although the power factor S2σ of CoSb3 is quite 
large, the lattice thermal conductivity κL is still very high. The cage of CoSb3 can include 
guest ions without undergoing structural distortion. Therefore, a marked rattling effect is 
expected owing to the large vibration of guest ions located inside the cage. In fact, the 
vacancy can be partially occupied by rare-earth (RE) ions, such as La, Ce, and Yb, or 
alkali-earth metal ions, such as Ca and Ba.14-18) It was reported that CoSb3 with La partial 
filling in its voids exhibits a large decrease in	 κL.14) This suggests that the La ions filling in 
the voids also show a rattling effect. Furthermore, smaller and heavier ions should be more 
effective in inducing a rattling effect. Consequently, smaller and heavier RE atoms seem to 
be suitable for void fillers for CoSb3. However, only a few RE elements such as La, Ce, Nd, 
Eu, and Yb have been successfully inserted into the lattice voids of CoSb3 by conventional 
synthesis methods at ambient pressure.14-16, 19, 20) Mei et al. have reported a systematic 
theoretical investigation of the filling fraction limit (FFL) of RE atoms in CoSb3.21) Their 
calculations reveal that the FFL decreases rapidly from La to Sm, and becomes zero from 
Gd to Lu, with the exception of Eu and Yb that exhibit relatively high FFLs of 0.44 for Eu 
and 0.30 for Yb. The reasons for the relatively high FFLs of Yb and Eu are the low charge 
state of +2 of these elements in CoSb3 as compared with the charge state of the other RE 
atoms +3. The effective charge state of the void filler is, therefore, an important factor in 
determining its FFL. High pressure benefits the entrance of heavier rare earths into the 
voids of the skutterudite structure than ambient pressure. The highest actual Yb doping 
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ratio of 0.29 has been reported in the compound with the nominal composition 
Yb0.6Co4Sb12 (actual composition, Yb0.29Co4Sb12) synthesized under a pressure of 2 GPa 
using a cubic-anvil-type apparatus.22) The value is close to the theoretical FFL and the 
highest for any YbxCo4Sb12 reported so far. The actual FFL of Yb was improved by the 
high-pressure synthesis technique. Figure 8 shows the temperature dependence of the 
lattice thermal conductivity κL for YbxCo4Sb12 prepared under high pressure.20) κL 
decreases with increasing Yb filling ratio x. The lowest κL of 2.02 Wm−1K−1 was achieved 
in Yb0.29Co4Sb12 at room temperature. In highly Yb-doped systems, however, the Seebeck 
coefficient of the compound decreases owing to its high electron concentration. To further 
optimize the figure of merit, excess electrons in Yb0.6Co4Sb12 need to be compensated for. 
The optimized Yb-filled and Fe-substituted compounds were synthesized at 2 GPa. The 
highest ZT (0.11) was achieved for the nominal composition Yb0.6Fe0.5Co3.5Sb12 (actual 
composition, Yb0.47Fe0.38Co3.62Sb12) at 300 K.23) This value is even higher than those of 
Ba- and Yb- double-filled Fe-substituted compounds (ZT = 0.05 at 300K and ZT = 0.6 at 
800 K).24) Therefore, a higher ZT in the compound could be achieved in the 
high-temperature range. 
Recently, the use of rare-earth metals such as Yb has serious problems about cost and 
supply amount. Therefore, mischmetal (Mm) has attracted much attention as the source of 
void-filling ions. Mm is an alloy of rare-earth elements in various naturally occurring 
proportions. Its typical composition includes approximately 50% Ce and 25% La, with 
small amounts of Nd and Pr. Mm is low-cost compared with individual rare earths because 
extraction processes are unnecessary. Furthermore, it was reported that the TE properties 
of double-filled (Ce, Yb) or multi-filled (Ba-La-Yb) skutterudite were improved compared 
with those of single-filled skutterudite.25, 26) Therefore, MmxCo4Sb12 compounds are 
expected as high-performance and low-cost TE materials. Actually, partially Mm-filled 
skutterudite compounds MmxCo4Sb12 were prepared at 4.5 GPa and 873 K using a 
Kawai-type system.27) Before the high-pressure synthesis, synthesis processes of the 
compounds at high pressures and high temperatures were investigated by in-situ X-ray 
diffraction measurements using synchrotron radiation and a cubic-anvil high-pressure 
apparatus at the beamline AR-NE5C at PF in KEK.6) In a series of experiments, the 
optimum conditions for synthesizing the compounds under high pressure were decided. 
The partially Mm-filled skutterudite compound Mm0.6Co4Sb12 prepared under high 
pressure shows a relatively high ZT of 0.25 at 700 K (Fig. 9).27) The carrier concentration 
tuning by chemical doping could improve the performance of the compounds. 
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3.2 Magnesium silicide 
The TE material is remarkable as a material for the low-carbon society. When considering 
an in-vehicle exhaust heat power generation, a material with a high TE performance in the 
mid-temperature range (600-900 K) is sought. However, it includes toxic and rare elements 
such as Bi, Te, Pb, Co, and Sb in the composition element of the TE material with a high 
ZT in this temperature region.28) Therefore, these devices will be regulated in the future by 
the Regulation such as the Restriction of Hazardous Substances (RoHS) Directive, 
Registration, Evaluation, Authorization, and Restriction of Chemicals (REACH). Because 
silicide semiconductors such as β-FeSi2, Mg2Si, CrSi2, and MnSi~1.73 satisfy the above 
condition, TE materials have been studied since the 1960s. Recently, high-purity Mg2Si 
has been synthesized by Akasaka et al.29) Consequently, research on the TE properties of 
Mg2Si as an environmentally friendly semiconductor has been accelerated.30~37) 
   The phase diagram of Mg2Si is shown in Fig. 10.38) The melting points of Mg2Si 
and Mg are 1358 and 923 K, respectively, and thus it is possible to synthesize from the 
Mg-rich side. However, the unreacted Mg in the compound causes the degradation of the 
device by the oxidation of Mg in the high-temperature region. Furthermore, because the 
boiling point of Mg (1363 K) is close to the melting point of Mg2Si in the high-temperature 
region, it is difficult to synthesize Mg2Si with a stoichiometric ratio without unreacted Mg. 
In order to avoid the disagreement of stoichiometry and the oxidation of Mg, high-pressure 
synthesis has been performed. The high-pressure technique can control the melting point, 
boiling point, synthetic temperature. The in-situ X-ray diffraction (XRD) study of the 
mixture of Mg and Si powders under high pressure has also been performed to determine 
the optimum conditions for the high-pressure synthesis of Mg2Si. As a result of this 
high-pressure XRD experiment at 1 GPa, Mg2Si was synthesized at 573 K. The synthetic 
temperature was lower than not only the melting points of Mg2Si, Mg, and Si but also the 
synthetic temperature for the atmospheric synthesis of Mg2Si using an electric furnace, 
which is 823 K. It is considered that the decline in the synthesis temperature was caused by 
the high-pressure technique. A high-pressure synthesis of Mg2Si by a piston cylinder 
method was carried out at a pressure of 1 GPa and a temperature of 673 K. The Seebeck 
coefficient and electric resistance at high temperatures were measured for several cycles 
from 400 to 900 K to check the stability of the composite. The results of the Seebeck 
coefficients of the composite and another sample sintered under a relatively low pressure 
(0.03 GPa) by spark plasma sintering (SPS) are shown in Fig. 11. 9) The absolute value of 
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Seebeck coefficient of the composite was smaller than that of the latter. Furthermore, the 
electrical conductivity of the composite was smaller than that of the latter. In order to 
understand these decreases in the absolute values of both the Seebeck coefficient and 
electrical conductivity, the theoretical calculation of the pressure dependence of the lattice 
defect formation enthalpies was performed by first-principles calculations.39) The 
calculation suggests that the decrease in the density of defects synthesized under pressure 
was caused by a low synthetic temperature, which is favorable for the relaxation of the 
n-type defect. As mentioned above, high-pressure synthesis is sensitive to the defect of the 
composite but can be used to synthesize new materials with different thermoelectric 
properties. 
 
4. Conclusions 
The use of a high-pressure technique that can control physical properties is effective for 
developing new functional materials. Using piston cylinder equipment and a multi-anvil 
apparatus, the high-pressure synthesis of new thermoelectric materials has been reviewed, 
and in-situ XRD analysis under high pressure and high temperature was introduced. The 
in-situ XRD technique is useful for determining the optimized synthetic conditions under 
high pressure. The TE performance is evaluated using ZT, which is a combination of the 
electrical conductivity, thermal conductivity, and Seebeck coefficient. These three thermal 
properties were changed by high-pressure synthesis. The TE performance parameters of 
skutterudites and magnesium silicide prepared under high pressure were estimated. For 
skutterudite compounds, RE atoms were inserted into large cages by high-pressure 
synthesis, then the TE performance was improved by reducing the lattice thermal 
conductivity by the rattling effect. On the other hand, Mg2Si compounds with a 
stoichiometric ratio were synthesized by controlling the melting and boiling points of 
materials by the high-pressure synthesis. The Seebeck coefficient and electrical 
conductivity of the compounds decreased more than those of the compound sintered by the 
SPS method. The decrease in the density of defects synthesized under pressure is expected 
by theoretical calculation. 
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Figure Captions 
 
Fig. 1. Cell assembly for piston cylinder high-pressure apparatus. 
 
Fig. 2. High-pressure apparatus (a) with the guide block and (b) installed at Muroran 
Institute of Technology. 4) 
 
Fig. 3. Cell assembly for cubic anvil high-pressure apparatus. 4) 
 
Fig. 4. Kawai-type high-pressure apparatus (a) with the guide block and (b) installed at 
Muroran Institute of Technology. 4) 
 
Fig. 5. Cell assembly for Kawai-type high-pressure apparatus. 4) 
 
Fig. 6. Cell assembly for in situ X-ray experiments. 4) 
 
Fig. 7. Photograph of measurement plate made of pyrophyllite for the thermoelectric 
measurements at high temperature. Four leads are wired on the sample plate (a), and the 
sample is put in the open circle. The cover plate consists of (b) and (c), and a sample is 
fixed between the cover plate and the sample by ceramic screws.9) 
 
Fig. 8. (Color online) Lattice thermal conductivity κL of YbxCo4Sb12 prepared 
under high pressure.22) 
 
Fig. 9. Temperature dependence of dimensionless figure of merit ZT for Mm0.6Co4Sb12 
prepared under high pressure in high-temperature region. 27) 
 
Fig. 10. Phase diagram of Mg2Si. The melting point of Mg2Si is 1358 K, which is close to 
the boiling point of Mg in the high-temperature region. 38) 
 
Fig. 11. Seebeck coefficients of Mg2Si synthesized under pressure and sintered by SPS 
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method. The absolute value of the Seebeck coefficient was decreased by high-pressure 
synthesis. 9) 
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Fig. 3 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig.8  (Color Online) 
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Fig. 9 
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Fig. 10 
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Fig. 11 
